Purpose: The purpose of this study was to determine the puncture accuracy of a navigational system, Medarpa, in a soft tissue environment using augmented overlay imaging.
I
nvasive biopsies are often required for determination of the definitive diagnosis. Today, needle navigation can be performed under ultrasound, computed tomography (CT), or magnetic resonance image (MRI) guidance. [1] [2] [3] When ultrasound guidance is not possible, CT often is the method of choice and allows instrument navigation either in a biopsysingle-slice scan technique or in the more dose-demanding CT fluoroscopy technique. To reduce irradiation exposure, the single-slice technique is used whenever possible but is lacking direct line of sight while pushing the needle forward. Thus, to lower the risk of needle misplacement, the needle position has to be checked repeatedly leading to additional irradiation exposition.
A number of navigation systems have been developed to facilitate various interventions as well as to reduce the amount of irradiation. 4 -12 To date, most of the navigation systems have been applied in procedures on the spine, neck, and in neurosurgical operations on the brain, but applications for abdominal interventions and flexible bronchoscopy have also been described. 4 -7,13-19 CT volume data sets prepared before an intervention create a virtual model of the volume of intervention. This virtual model is combined with a tracked instrument by showing the real interaction in the virtual model. Several groups have reported that most navigation systems are lacking in an ergonomic interface, ie, how the information provided by navigational systems is presented to the radiologist. 9, 20 Using augmented reality (AR) technologies takes us one step further in superimposing the virtual model onto the real patient. As the core component of this navigational system, Medarpa (Fraunhofer Institute, Darmstadt, Germany), 21 a transparent display, allows the visualization of anatomic details and the tracked instruments superimposed on the patient. To our knowledge, this is one of very few systems that operate with a transparent display as an interface. [22] [23] [24] [25] Using the transparent display, it is intended that the radiologist is able to maintain visual contact with the site of intervention and at the same time follow the instrument trajectory on the transparent display, improving ergonomics and facilitating difficult procedures such as oblique access route punctures. Data in a phantom model have been published. 26 In this study, data for the accuracy of the Medarpa system in a soft tissue environment has been determined and compared with the standard CT puncture technique.
MATERIALS AND METHODS
In group A, needle positioning was performed in a supine human cadaver (Fig. 1 ) using the navigational system Medarpa. In group B, the same cadaver was used to perform CT-guided puncturing using the biopsy-single-slice scan mode.
Three targets of various sizes located at different positions inside the chest were punctured in both groups: Target 1: Ascending aorta just above the aortic valve sized 35 ϫ 31 mm; Target 2: A calcified plaque sized 6 ϫ 10 mm in the proximal left anterior descending artery; and Target 3: Tip of a port catheter in the superior vena cava (SVC) sized 3 ϫ 3 mm (Fig. 2) .
Each target was punctured once. After puncture, control CT spiral scans of the chest were made to verify needle tip positions. Needles were then removed from the cadaver and needle positioning was repeated in the same fashion 14 times altogether using different trajectories for every puncture. A total of 42 punctures was performed in both groups.
Finally, needle tip and target distance was determined in both groups using the control CT volume scans. Evaluations in both groups were performed on a separate workstation (Leonardo; Siemens Inc., Erlangen, Germany) with 512 ϫ 512 matrix size using the 3-dimensional mode. Each needle was aligned with the target in 2 of 3 planes (axial, sagittal). 26 Needle tip to target distance, ie, center of the target, was then determined in the third plane (coronal) using an electric caliper.
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Computed Tomography Scanning
All scanning was performed on a Sensation 16 (Siemens, Forchheim, Germany). The same scan parameters were used for the preinterventional scan in group A and B, the biopsy-single-slice scan mode for group B and the postpuncture CT scans in both groups. Slice collimation was 16 ϫ 0.75 mm, reconstructed slice width was 1 mm, reconstruction increment was 1 mm, tube voltage was 120 kV, and tube current 140 effective MAs.
The Cadaver
A human cadaver treated with formalin in standard fashion was provided by the Institute for Macro-and Microscopical Anatomy, J. W. Goethe University. It was the wish of the patient before his death that his body be used for scientific research purposes.
Nine spherical fiducial markers visible in the CT scans were evenly attached to the cadaver's chest (Fig. 1) . They are segmented in a preprocessing step 3 (see "system calibration") and used for image registration and the cadaver registration relative to the AR system's frame of reference.
The Medarpa System
The Medarpa Medical Augmented Reality system consists of several components that are embedded in and attached to a trolley. Figure 3 shows the transparent display as the main component of the system attached to a swivel arm. Figure 4 shows the test setup in a CT room.
The swivel arm allows the transparent display to be moved easily around the cadaver so that the cadaver can be observed through the display at any time during the intervention. In using the transparent display, the real view on the cadaver is enhanced with virtual information about his anatomic structures obtained from CT images. To provide the virtual overlay the FIGURE 1. Nine spherical fiducial markers attached to a human body cadaver.
FIGURE 2.
Three targets of various sizes located at different positions inside the chest were punctured: Ascending aorta just above the aortic valve (target 1), calcified plaque (target 2), and a tip of a port catheter (target 3).
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Investigative Radiology • Volume 41, Number 10, October 2006 position and orientation of the patient, the instrument, the display, and the radiologist's perspective on the display have to be determined in real time. This is performed by a hybrid tracking system combining an optical and an electromagnetic tracking system to allow tracking of the swiveling transparent display, the head of the radiologist, as well as needle tip at the same time.
Data focusing on technical aspects of electromagnetic tracking has been published.
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The Tracking
The optical tracking consists of a pair of CCD (chargecoupled device) cameras equipped with infrared filters. Both cameras are mounted on a stand attached to the trolley. Alignment of the cameras aims at minimizing optical occlusions while the display and the radiologist head are tracked. Active infrared landmarks are attached to the display as well as to a pair of glasses that the radiologist must wear for determination of head positions, ie, perspectives. These sensors allow the optical tracking to determine the position and orientation of both the radiologist head and the display (Fig.  4) ; this allows the Medarpa system to adjust the data shown on the display according to the changing perspective of the radiologist.
For the intervention, a puncture needle is used, which is mounted on a handle that contains an electromagnetic sensor (pciBIRD; Ascension, Burlington, VT) ( Fig. 5 ) enabling a tracking in 6 degrees-of-freedom and allowing real-time corrections in needle trajectory.
To allow correct superimposition, the cadaver needs to be registered. The display, the radiologist, and possible instruments need to be tracked for navigation.
System Calibration
Before the intervention, a 7-step protocol needs to be followed of which each step takes approximately 1 minute.
1. The cadaver with 9 radiopaque spherical fiducial markers must be scanned by CT before the intervention and the volume data set is transferred to the Medarpa system by an Ethernet network link; 2. Segmentation of the fiducial markers for navigation 27, 28 ; 3. Defining the target positions in the CT data set transferred to the Medarpa system; 4. Calibration of the needle and determination of the offset between the needle tip and the electromagnetic sensor integrated into the instrument handle. To reduce bending of the needle during calibration, a thick 15-G length, 15-cm needle was used (Somatex, Teltow, Germany); 5. Calibration of the optical system 27,29 ; 6. Alignment of the optical and electromagnetic tracking 30 ; and 7. Registration of the cadaver to allow navigation and correct overlays 30 : the point grid on the cadaver's surface defined by the fiducial markers is recorded using a pointing device. These marker positions are registered to those that have been extracted from the image data (step 2). This defines the position and orientation of the preoperative image data with respect to the cadaver.
For calibration of the needle instrument (point 4 on the calibration list), a needle of 15 cm in length was used. Calibration was performed by keeping the tip of the needle fixed to the fiducial markers in one point. This was repeated for each of the 9 markers arranged on top of the cadaver chest model while 26 Mounted on top of the trolley, a swivel arm is holding the transparent display the main component of the system. Active infrared LED on the display. Optical tracking of the display and the radiologists viewing perspective performed by 2 CCD cameras.
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Hybrid Tracking Navigational System rotating the handle until 500 measurements (rotation and translation of the sensor) were recorded for each position. In fact, a calibration on only one marker would be sufficient under "ideal" conditions. However, repeating the calibration by placing the needle's tip on all 9 markers increases the number of measurements and therefore gives a lower statistical error for the instrument's length. By these samples, the fix offset between the electromagnetic sensor in the instruments handle, and the fixed position of the instrument's needle tip is determined. The same procedure is repeated for the registration of the cadaver. In this case, the recorded sensor positions are used together with the now known needle length for determining the position of the fiducial markers with respect to the system's frame of reference. The average offset translation of all 9 calculations is considered and must be less than 2 mm for proper operation of the system (mean fiducial registration error in this setup 0.08 mm Ϯ 1.06 mm).
Because a stereoscopic view through the display is not possible, an additional navigation software tool is used to compensate for lack of a 3-dimensional impression; a virtual model of the needle changes its color according to its pointing direction: yellow when the needle is on track to the target and green when the needle is touching the target region. An out-of-track needle will appear red on the display. 26 A needle appears to be out of track when it leaves a corridor 1.5 mm in diameter around the ideal trajectory. This tolerance can be adjusted according to the size of the target but was kept fixed at 1.5 mm in this study.
The displayed needle is equipped with a virtual elongation and a clipping plane defined by the orientation of the needle, which can be aligned orthogonal and parallel to the needle's axis. The virtual model of the real needle is displayed together with the CT volume data, and the targets selected appear highlighted.
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Group A: Medarpa-Guided Puncture
In group A, the Medarpa system was used for puncture after being calibrated and the CT volume scan of the cadaver chest is transferred to the system. Light in the scan suite was dimmed and additional light was supplied to the site of intervention using a spotlight under the transparent display.
After making a 2-mm skin incision, a parasternal intercostal oblique access was chosen for needle insertion. For every needle insertion, a new skin incision and a different trajectory were used, resulting in the fact that the majority of punctures were out of plane, ie, angulated needle placements. After needle insertion, the needle was put and kept on track using the colored navigation software tool of the virtual needle displayed on the transparent display. After the needle tip was inserted into the cadaver chest, the needle was directed toward the target. As soon as the correct direction was found, the virtual needle turned yellow on the transparent display. Under permanent vision on the transparent display, the needle was pushed forward. Both the real needle outside the chest as well as the virtual needle orientation were visible at all times during the intervention on and through the transparent display. As the virtual needle turned green (group A), the real needle position was not intentionally manipulated and considered to have reached the target. After all 3 needles were placed, a postpuncture CT volume scan was done to verify needle positions.
All punctures were performed by one staff radiologist (MFK) using the coaxial method with a 15-gauge puncturing needle and an inner stylet 15 cm in length (Somatex).
Group B: Computed Tomography-Guided Puncture
Before puncture, the cadaver underwent a diagnostic chest CT examination (Sensation 16; Siemens, Forchheim, Germany) to get an overview of the anatomic situation and location of the targets as well as for determination of the table positions appropriate for puncture. The selected table position marked by a guidance laser was determined as an entry point for puncture. All CT-guided punctures were performed in the biopsy-single-slice scan mode of the CT scanner.
After a 2-mm skin incision, a parasternal intercostal approach was used for puncture. For every needle insertion, a new skin incision and a different trajectory were used. All trajectories were planned and performed in plane with the CT slice, ie, perpendicular to the long axis of the cadaver. To determine insertion depth of the needle, distance from the cadaver skin at the point of skin incision to the target was measured by using an electric caliper in transverse sections. At the time of puncture, selected images were obtained in the area of interest with 1-mm-thick contiguous transverse CT sections. After needle insertion, the needle was pushed forward for 2 cm and then the table was moved inside the gantry and the trajectory was checked by a CT scan in the appropriate plane. If the needle was on the correct trajectory, the needle was further pushed forward without changing table position. To obtain the minimal needle tip to target distance, the needle was allowed to be pushed and pulled without changing its trajectory under repeated single-slice CT control. For every new needle insertion, the CT table was moved outside the gantry and then moved back into the gantry for further advancing the needle. After all 3 needles were placed, a postpuncture CT scan was done to verify needle positions. All punctures were performed by one staff radiologist (MFK) using the coaxial method with a 15-gauge puncturing needle and an inner stylet 15 cm in length (Somatex).
Statistical Analysis
Statistical analysis was carried out using BiAS for Windows software package (version 8. Differences were considered significant when the P value was below 0.05.
RESULTS
Mean needle tip to target deviation was 8.42 mm Ϯ 1.78 mm for group A and 8.90 mm Ϯ 1.71 mm for group B (P ϭ 0.42) (Fig. 6) .
Needle tip to target deviation in millimeters are listed in detail for both groups and targets in Table 1 .
P values describing the differences in accuracy between targets of the same group as well as for targets between groups are listed in Table 2 . It displays that all 3 targets can be approached with the same level of difficulty (P Ͼ 0.05). Therefore, the mean deviation of both groups can be calculated as the mean of all single deviations to the 3 targets.
In group A (Medarpa system-guided group), needle tip to target distance ranged from 4.50 to 12.30 mm. In group B (CT-guided group), needle tip to target distance ranged from 5.50 to 12.34 mm. No statistically significant difference was found between group A and B in any target (P Ͼ 0.05). No statistically significant difference was found between the targets of the same group (P Ͼ 0.05).
Within a day and after a few training sessions in setting up the Medarpa system, we were able to perform the system setup as described here in 6 to 8 minutes. Once the system was setup, and the time for CT control scans subtracted, the procedural time for 42 punctures in group A (Medarpaguided group) amounted to 112 minutes, ie, 160 seconds, for each puncture.
After subtracting time for CT control scans, procedural time for 42 punctures in group B (CT-guided group) was 289 minutes, ie, 413 seconds, for every puncture.
DISCUSSION
AR systems are designed for facilitating minimal invasive interventions. 5, 6, 11, 14, 17, 31 To guide the radiologist, they use CT and MRI data and display this information in an ergonomic fashion during the interventions. Various navigation devices using either optical or electromagnetic tracking have been described. 4 -6,9,14 In neuro-and orthopedic surgery, these devices are routinely used for navigation to cerebral lesions as well as in interventions to the skeletal system. 4, 7, 9, 11, [13] [14] [15] [16] [17] 19, [31] [32] [33] None of these systems follow the concept of hybrid tracking and virtual overlay on the patient as described in the Medarpa system. 5, 21 Hybrid navigation is implemented using an optical as well as an electromagnetic tracking compensating the disadvantages of one single tracking system. The electromagnetic tracking for instrument navigation was selected as a result of expected occlusion problems when relying on an optical tracking only.
Optical tracking systems deliver high-accuracy tracking data and are unaffected from metallic environments but have problems with partial or full occlusion of the tracked objects. This must be particularly considered when using a transparent display for the information overlay for the simple reason that direct sight between the needle instrument in the cadaver and the optical tracking cameras is often occluded by the display. Using an electromagnetic tracking system for instrument navigation is the answer to such occlusion problems, although it is often challenged by metallic intervention tables that may interfere with the electromagnetic field. Data on the accuracy of the electromagnetic tracking system in various setups has been published. 30, 34, 35 To meet the demand for maintaining visual contact with the field of operation while performing a virtual reality supported intervention, 9,20 a transparent display with a swivel arm has been implemented within the Medarpa project. The transparent display enables an ergonomic view on the patient, whereas the radiologist is advancing the instrument at the same time facilitating orientation and angulation of the instrument. The site of intervention and the graphic information for navigation can be observed through on the transparent display. In contrast to a head-mounted display, the transparent display used in the Medarpa system does not put a physical strain on the radiologist 36 and can be moved in and out from the site of intervention any time necessary.
Similar to our result in a phantom chest model, 26 our results in the cadaver indicate that accuracy in needle implantation using the Medarpa system matches the accuracy achieved by CT-guided implantation techniques. Although none of the various navigational systems available provide a maneuverable virtual overlay, they report accuracies between 1 and 8 mm depending on the site of intervention and size of the target. 8, [37] [38] [39] The Medarpa system meets their results providing a flexible virtual overlay, ie, it can be maneuvered over the site of intervention during the procedure and visual navigation data is adapted in real time as the radiologist's head position or the display position or instrument position changes.
To lower calibration and navigation error, stiffer needles such as 15-g needles were used in this study. We believe using 15 g will not be necessary in vivo, when stiffer 19-g G or 20-g needles are available. To reduce tissue trauma, more frequently used needles for puncture such as 19-g or 20-g needles will be preferred to evaluate the systems performance in vivo.
Needle deflection of the target resulting from soft tissue shifting has been described. 40, 41 Although a human body cadaver does not simulate chest excursion caused by respiration, it does simulate soft tissue movements better than a phantom model. This experimental approach allows us to anticipate the accuracy of the Medarpa system under more realistic conditions than in a phantom model and will serve as an approximation toward in vivo testing. We can report that the accuracy of the Medarpa system in a cadaver is lower as compared with the phantom model (8.42 mm vs. 6.65 mm) but is similar to the accuracy achieved by standard CT-guided puncture.
Further studies will show how well this augmented reality system operates in an in vivo setup in which problems such as unexpected movement of the patient must be examined. 42 In this study, the time for one single puncture in the CT-guided group was more than double the time of the Medarpa-guided group. This was the result of the fact that the same targets were repeatedly punctured and therefore the Medarpa system required one single setup only. Moreover, the needles in group B were allowed to be pushed and pulled under repeated single-slice CT control without changing its trajectory. This was done to get the best results possible under CT-guided puncture but was rather time-consuming. Taking into account that for every new patient, the Medarpa system at least requires an individual patient registration, the procedural time exceeds the time required for CT-guided interventions.
However, targets next to the diaphragm are prone to respiration and cardiac movements. This problem still cannot be addressed by this system. Respiration triggered 4-dimensional preinterventional volume data sets such as MRI navigator motion tracking sequences may be able to tackle this problem. 43 Applications such as guidance of percutaneous abscess drainage, percutaneous radiofrequency ablation, robot-assisted biopsy systems, or percutaneous laser ablation may be facilitated by this navigational device. 44, 45 Our result show that oblique access procedures like the ones performed in this study can be reliably performed with the Medarpa system and at the same time may reduce irradiation exposure. This system may serve as training and teaching tool to the radiologist. Increasing procedural comfort and ergonomics by guiding through an intervention without losing sight of their instrument in situ is particularly advantageous to less experienced radiologists because they can watch the instrument position in situ and the site of intervention simultaneously without being forced to lift their head from the field of intervention.
